Mice and tissue collection. For 3-day microarray experiments, 108 adult male CBA/CaJ mice (The Jackson Laboratory) were entrained to a 12:12-hour light/dark (LD) cycle for 3 weeks. During the dark phase, 54 mice were transferred to DD and the remainder were kept in Circadian clocks are widely distributed in mammalian tissues, but little is known about the physiological functions of clocks outside the suprachiasmatic nucleus of the brain. The retina has an intrinsic circadian clock, but its importance for vision is unknown. Here, we show that mice lacking Bmal1, a gene required for clock function, had abnormal retinal transcriptional responses to light and defective inner retinal electrical responses to light, but normal photoreceptor responses to light and retinas that appeared structurally normal as observed by light and electron microscopy. We generated mice with a retina-specific genetic deletion of Bmal1, and they had defects of retinal visual physiology essentially identical to those of mice lacking Bmal1 in all tissues and lacked a circadian rhythm of inner retinal electrical responses to light. Our findings indicate that the intrinsic circadian clock of the retina regulates retinal visual processing in vivo.
INTRODUCTION
Circadian clocks are endogenous oscillators that drive daily rhythms of physiology and behavior. In mammals, the circadian clock mechanism is built upon a molecular feedback loop in which the CLOCK-BMAL1 transcription factor drives expression of its PER and CRY inhibitors (Gekakis et al. 1998; Ko and Takahashi 2006) . The clock generates circadian rhythms cell-autonomously, and it is thought to generate rhythms of physiology in large part by driving rhythms of transcription of output genes (Akhtar et al. 2002; Duffield et al. 2002; Panda et al. 2002; Storch et al. 2002) . The adaptive significance of circadian clocks likely lies in their ability to allow anticipatory responses to predictable daily variations in the environment (Ouyang et al. 1998) .
It has long been known that the circadian clock regulating behavior in mammals is located in the suprachiasmatic nucleus (SCN) of the brain . Recently, it has become clear that circadian clocks are distributed in mammalian tissues, present at sites such as the retina (Tosini and Menaker 1996) , multiple brain regions (Abe et al. 2002) , and in many peripheral tissues (Balsalobre et al. 1998; Damiola et al. 2000; Yamazaki et al. 2000) . It is thought that clocks outside the SCN have physiological functions, but to date, few studies have addressed this question (Durgan et al. 2006; McDearmon et al. 2006 ). In Drosophila, there is compelling evidence that a clock in the antenna drives rhythms of olfactory sensitivity (Tanoue et al. 2004) .
Retinas from a wide range of vertebrates, including amphibians (Besharse and Iuvone 1983) , birds (Pierce et al. 1993) , and mammals (Tosini and Menaker 1996) , contain a circadian clock. In Xenopus retina, photoreceptors are the circadian clock cells (Cahill and Besharse 1993; Hayasaka et al. 2002) , whereas in the mammalian retina, circadian clock cells are found in the inner retina (Witkovsky et al. 2003; Gustincich et al. 2004; Ruan et al. 2006; Storch et al. 2007) .
Fundamental retinal processes are under circadian control, including photoreceptor disc shedding (LaVail and Ward 1978) , release of melatonin and dopamine (Doyle et al. 2002) , and retinal electrical responses to light, manifested as a circadian rhythm of one or more components of the electroretinogram (ERG) (Manglapus et al. 1998; Barnard et al. 2006) . At present, little is known about the biochemical pathways under circadian control in the mammalian retina or the molecular mechanisms that modulate retinal physiological responses to light. A circadian rhythm of melatonin release is driven autonomously from the retina (Tosini and Menaker 1996) , but it is not yet known to what extent circadian rhythms of retinal electrical activity in response to light reflect the action of a local retinal clock or the action of a remote clock, such as the SCN. Evidence from nonmammalian vertebrates suggests that circadian rhythms of retinal electrical responses to light are driven at least in part from the brain (Miranda-Anaya et al. 2002) or pineal (McGoogan and Cassone 1999) .
LD. At 4-hour intervals, three mice from each group were euthanized (CO 2 ), and eyes were collected, frozen in liquid nitrogen, and stored (-80°C). Total RNA was purified separately from the eyes of each mouse (Trizol, Invitrogen, and RNAeasy, QIAGEN) , and equal aliquots of RNA from the three pairs of eyes collected at a single time point were pooled. Studies were performed in accordance with the protocol approved by the Harvard Medical School Standing Committee on Animals.
Microroarray analysis. Samples were hybridized to Affymetrix mouse 430.2 arrays representing the complete mouse genome (one array per time point). Fluorescence images were normalized to median brightness (Li and Wong 2001) , and model-based expression values were computed using a DNA-Chip Analyzer (Li and Wong 2003) . In each 3-day, 18-array data set, probe sets that were not classified as "expressed"
(http://www. affymetrix.com/support/technical/technotes/statistical_refer ence_guide.pdf) in at least three arrays were excluded, as were probe sets that had three or more missing expression values. The square-root transformation was applied to all expression values to make the error distribution more symmetric while limiting amplification of low-level noise. (For a detailed description of procedures for identifying rhythmic expression, see Storch et al. 2007 .) To assess nonrhythmic transcripts, expression values determined by the DNA-Chip Analyzer (Li and Wong 2003) for the six arrays corresponding to the six time points from wild-type mice in LD were used to select a "constitutively expressed" set of genes. Genes with low mean expression value were excluded (<200 units; range: 0-10,900 units) and the remaining genes with a near-constant level of expression across the six arrays were selected (standard deviation of expression <5%, yielding 3,047 genes). Microarray data have been deposited in the ArrayExpress database (Accession number E-TABM-285).
Light and electron microscopy of retinas. For light microscopy, eyecups of three mice of each genotype were fixed (2% formaldehyde in 0.15 M Sørensen phosphate buffer at pH 7.4), cryoprotected (20% sucrose in phosphate-buffered saline [PBS] ), and frozen in monochlorodifluomethane. Sections parallel to and including the horizontal meridian were obtained and stained with 300 nM 4´,6-diamidino-2-phenylindole (DAPI) in PBS. Fluorescence was detected with a Zeiss LSM 510 Meta confocal system and Zeiss Axioplan-2 microscope. Because photoreceptor activity was unaltered in Bmal1 -/-mice, the thickness of the deep retinal layers was normalized to that of the outer nuclear layer (ONL) in each retina in order to avoid errors due to obliquity of sections. For electron microscopy, two mice of each genotype were perfused with 2% formaldehyde, 2.5% glutaraldehyde in 0.15 M Sørenson phosphate buffer at pH 7.4, followed by 1% OsO 4 and 1.5% potassium ferrocyanide, and stained en bloc with 1% uranyl acetate. Thick sections of the eyecup were stained with toluidine blue and examined with a Nikon Eclipse E600 microscope. Thin sections were stained with uranyl and lead, and micrographs were obtained with a JEOL x100 electron microscope.
Quantitative RT-PCR. Total RNA from whole eyes or dissected eye fractions (retinal, lens, and the rest of the eye) was transcribed into cDNA using random hexamers and Superscript reverse transcriptase (Invitrogen). cDNA derived from 25 ng of total RNA was PCR-amplified in a PTC-200 thermocycler with a Chromo4 module (MJ Research) using SYBR green (IQ SYBR Green Supermix, Bio-Rad) according to the manufacturer's instructions. Templates were amplified with the annealing temperature initially lowered from 70°C to 60°C in two-cycle increments followed by 30 cycles of the following three steps: 20 seconds at 94°C, 20 seconds at 60°C, and 30 seconds at 72°C. For quantification, the threshold cycle number difference was calculated based on the sample with the lowest expression, and the values obtained were 2 n -transformed. Input RNA concentration or the expression level of hypoxanthine guanine phosphoribosyl transferase-1 was used to normalize expression values.
Electroretinography. ERG recordings were performed as described by Lu et al. (2001) . Briefly, mice were darkadapted overnight before recording. Mice were anesthetized and their pupils dilated, and responses were recorded with a chloride silver wire loop placed on the cornea. ERG responses were elicited with 10-?s flashes of white light (1.37 x 10 5 cd/m 2 ) presented in a Ganzfeld dome at 1-minute intervals in darkness. Mice were then adapted to a background illumination (12 ft.-lamberts, 10 minutes) and responses were elicited by 1-Hz flashes of white light (1.37 x 10 5 cd/m 2 ). Circadian components of the light-adapted ERG were obtained from mice in constant light as described by Barnard et al. (2006) , except the intensity of light was 300 Lux. SCN lesions. Adult C57BL/6J mice were anesthetized with ketamine/xylazine (45 mg/kg/5 mg/kg), and an electrode (RNE-300X, Rhodes Medical Instruments) was lowered stereotaxically through the skull at the midsagittal sinus (anteroposterior -0.45 mm from Bregma) with the final tip position at 6.0 mm below the skull. Lesions were generated with constant current (2 mA, 10 seconds; D.C. Constant Lesion Maker, Grass Instruments). One week after surgery, locomotor activity in DD was monitored, and only mice showing arrhythmic behavior for more than 4 weeks were selected for ERG studies. Only mice with histologically verified complete SCN lesions were included in the analysis (data not shown).
Generation of conditional Bmal1 mice.
A cassette containing neomycin acetyltransferase (neo) flanked by two FRT sites and a single loxP site (EcoRI-BamHI fragment from vector PL452; Liu et al. 2003 ) was inserted into a bacterial artificial chromosome (BAC) encompassing the Bmal1 locus (RPCI23-331K23, BACPAC resources, Children's Hospital Oakland Research Institute) by homologous recombination in bacteria (Liu et al. 2003) . The insertion site was immediately upstream of the PacI site in the intron 3´of the exon encoding the bHLH domain (exon 8). A 10.8-kb PmlI-fragment containing the Neo cassette with flanking genomic regions was subcloned into tistical threshold for rhythmicity can be set according to any desired false-discovery rate, defined as the percentage of genes ranking above the threshold that can be accounted for by noise.
In DD, we identified 277 genes with a circadian rhythm of expression at a moderate threshold corresponding to a 15% false-discovery rate, (Fig. 1A, top, DD) . Phases of peak expression around the clock were represented about equally (Fig. 1A, top, DD) , and the data set included genes with known circadian regulation in other tissues, including clock components. Overall, genes expressed in the retina made a major contribution to the data set (Storch et al. 2007) , and the genes represent a wide range of functions, including synaptic transmission, photoreceptor signaling, intercellular communication, and regulation of the cytoskeleton and chromatin (Storch et al. the HpaI-SmaI-digested targeting vector pKOII (Bardeesy et al. 2002) , which contained a diphtheria toxin expression cassette. An oligonucleotide comprising a single loxP site preceded by a BamHI restriction site was cloned into the SanDI site of the intron preceding exon 8, resulting in the final targeting vector. Electroporation of embryonic stem (ES) cells, selection of neomycin-resistant clones, and injection of ES cells into blastocysts were performed using standard methods. The Neo cassette was removed by mating chimeras to mice carrying a Flpe knockin at the Rosa26 locus (Farley et al. 2000) . Genotyping was performed using multiplex PCR and primers L1, ACTGGAAGTAACTTTATCAAACTG; L2, AATCCGCCTGCCTACTGCCTCC (reverse primer); and R4, GGGTGGAGTATGATATGACC. For assessing the efficiency of loxP recombination, retinal genomic DNA was digested with AvrII, and Southern blot hybridization was performed using a 350-bp probe specific for sequences immediately following the 3´flanking region used for targeting.
In situ hybridization, histology, and western blots. For in situ hybridization, dissected retinas were fixed (cold 4% formaldehyde in PBS, 10 minutes), embedded (Tissue-Tek), cut frozen (20 ?m), and processed as described by Kraves and Weitz (2006) . Sequences of riboprobes are available upon request. β-galactosidase activity in 20-?m brain or retina sections was detected with 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside (X-gal). Western analysis was performed with rabbit anti-BMAL1 antiserum (1:500).
RESULTS

Daily Rhythms of Retinal Gene Expression
To gain a view of molecular regulation in the mammalian retina by a circadian clock, light, or both, we performed whole-genome microarray studies in mice to identify genes with an approximately 24-hour rhythm of expression during a 3-day interval in constant darkness (DD) or in a 12:12-hour LD cycle. Because of the role of melatonin in retinal function (Doyle et al. 2002) , we used CBA/CaJ mice, a strain that makes melatonin (Goto et al. 1989 ) and does not have retinal degeneration. To optimize the efficiency of tissue collection, we used whole eyes for RNA extraction.
To identify rhythmic variations in gene expression, we computed the best-fit function that models the expression of a gene across the 3-day, 18-time-point microarray profile as as approximately 24-hour rhythmic pattern; we did not assume a simple waveform. For some genes, the bestfitting rhythmic function makes a good fit, for most, a poor fit. Next, we randomly permuted the order of the 18 time points for each gene 50,000 times. With 18 time points, random permutation of the time series will degrade the fit of a truly rhythmic profile but will have little or no effect on the fit of noisy or flat profiles (Storch et al. 2007 ). This procedure allows all or any subset of the 45,101 probe sets on the array to be ranked quantitatively for rhythmicity, and one of its key advantages is that a sta- 2007). For some genes, expression was limited to photoreceptors, likely reflecting non-cell-autonomous regulation that depends on clock cells in the inner retina or elsewhere. The rhythmic data set included secreted factors expressed exclusively in the inner retina, candidates for circadian signals from inner retinal clock cells to photoreceptors (Storch et al. 2007 ).
In LD, at the same statistical threshold, we identified 2670 genes with rhythmic expression (Fig. 1A , bottom, LD). Included were 80% of the genes with rhythmic expression in DD and many genes with known expression in the retina. In addition to the approximately ninefold greater number of genes showing rhythmic expression in LD than in DD, the distribution of phases in LD differed markedly from that in DD, with somewhat more than half of the genes showing a peak of expression during the night and the rest showing about equal phase distribution (Fig. 1A, bottom, LD) . Both of these differences between the two conditions were observed at more stringent thresholds (Fig. 1B) , indicating that they do not arise from chance inclusion of noise. These results suggest that LD cycles drive expression of a large number of genes in the retina and, in particular, a large cluster of genes with a nighttime peak of expression. Additional analyses indicated that any loss of circadian synchrony among mice or cells during the 3-day period in DD did not contribute substantially to the differences between the DD and LD data sets (Storch et al. 2007 ).
For validation, we selected 26 genes with rhythmic expression from DD and 28 from LD, as well as genes from each classified as nonrhythmic, for assessment by quantitative reverse transcriptase PCR (Q-PCR). In all cases but one, Q-PCR confirmed the rhythmic profiles (for examples, see Fig. 1C ). Microarray analysis thus accurately identified genes with rhythmic expression.
Importance of Bmal1 for Retinal Gene Expression Rhythms in a Light/Dark Cycle
Given that the retina is a dedicated photosensory organ, the approximately ninefold excess of genes exhibiting rhythmic expression in LD compared to DD could simply result from regulation of many genes by light, independently of circadian clock function. To test this expectation, we compared temporal profiles of ocular gene expression in LD in wild-type mice and Bmal1 -/-(Mop3 -/-) (Bunger et al. 2000) littermates, which lack an essential component of the clock in all tissues and consequently are expected to lack all clock function. Genes regulated purely by LD cycles would be expected to retain full rhythms of expression in Bmal1 -/-mice. In contrast, genes regulated by LD cycles in a manner that depends on clock function would be expected to exhibit altered regulation in LD, even if the genes are primarily driven by light and do not exhibit detectable rhythmic expression in DD. In initial Q-PCR studies of eyes from Bmal1 -/-mice in DD, we observed loss of rhythms of expression of Per1, Per2, Dbp, and Reverbα, indicating that Bmal1 is required for circadian rhythms in the eye, as expected (Storch et al. 2007) .
It is important to note that the null mutation of Bmal1 can affect clock-regulated processes in two ways: by eliminating the circadian feedback loop and thus abolishing circadian rhythms (Bunger et al. 2000) and by reducing expression of output genes driven directly by the CLOCK-BMAL1 transcription factor (Panda and Hogenesch 2004) . Therefore, any phenotypes observed in Bmal1 -/-mice could result from a loss of rhythmicity or from a reduction in one or more clock-driven transcriptional outputs, as well as by hypothetical noncircadian functions of Bmal1. For the purpose of discussion of Bmal1 mutants here and below, we define "circadian clock function" in this broad sense, including both intrinsic rhythmicity and transcriptional outputs of the clock mechanism.
First, to check for any confounding retinal developmental defects in Bmal1 -/-mice, we studied retinas from adult Bmal1 -/-mice and wild-type littermates by light and electron microscopy. Retinas from the two genotypes were indistinguishable in general architecture, cellular organization and density, complement of organelles, and distribution and structure of synaptic specializations of the principal retinal cell types (Fig. 2) . Although we cannot exclude the possibility of subtle quantitative differences, these results make it highly unlikely that a developmental or structural defect underlies any abnormalities of retinal gene expression or function in Bmal1 -/-mice. We next performed microarray analysis to compare ocular gene expression profiles of wild-type mice and Bmal1 -/-littermates (on a C57BL/6 background) in LD at 4-hour intervals during one daily cycle. To interpret these 1-day data sets, we used information from the 3-day experiment shown in Figure 1 (CBA/CaJ mice). For each of the genes showing rhythmic expression in LD in the 3-day data set, we examined the 1-day profile in wild-type or Bmal1 -/-littermates in LD. A 1-day expression profile was classified as rhythmic if it showed a phase and waveform like that in the 3-day experiment, defined as a significantly closer match to the mean of its corresponding 3-day profile than to independent Gaussian noise (i.e., it behaved statistically like a "fourth day" of the rhythm).
In wild-type C57BL/6 mice (littermates of Bmal1 -/-mice), many genes showed rhythmic regulation matching that in the 3-day experiment ( Fig. 3A; the threshold, for a match was set at a stringent 5% false-discovery rate). In contrast, at the same threshold, very few genes qualified as rhythmic in LD in Bmal1 -/-littermates. A comparison of 1-day expression profiles classified as rhythmic in wildtype mice with profiles of the same genes from the mutants revealed substantial disorganization in the mutants, although weak features similar to the wild-type pattern were apparent (Fig. 3A) . This result held true across different statistical thresholds (data not shown). Inspection of many individual gene profiles and validation of 20 by Q-PCR indicated that about 60% showed flat or noisy profiles, about 30% showed apparent regulation by light but with reduced amplitude and altered waveform, and about 10% showed fully preserved rhythms (Fig. 3B ). In contrast, the Bmal1 mutation had no detectable effect on the expression of more than 3000 genes that are expressed constitutively in the eye in LD (Fig. 3C) .
Bmal1 thus has a significant role in the light-dependent regulation of genes in the eye, most of which were not detectably rhythmic in DD. These results raise the possibility that a circadian clock broadly regulates transcriptional responses to light in the retina. Among genes with robust rhythms in both DD and LD were multiple histones and at least one histone deacetylase, genes with known actions in chromatin remodeling (Fig. 3D) . Thus, it seems plausible that loss of circadian regulation of chromatin might underlie the aberrant transcriptional responses to LD cycles in Bmal1 -/-mice.
Importance of Bmal1 for Retinal Electrical Activity in Response to Light
Given the importance of Bmal1 for retinal gene expression in LD, it seemed plausible that retinal visual physiology might be abnormal in Bmal1 -/-mice. We therefore performed ERG studies (Lu et al. 2001 ) to compare retinal electrical activity in response to light in wild-type and Bmal1 -/-littermate mice (C57BL/6). ERG responses were recorded during midday hours, when the mouse lightadapted ERG b-wave amplitude is at or near the maximum in its daily rhythm (Barnard et al. 2006 ). Mice of the two genotypes were studied in alternating order to minimize possible effects of circadian time. Under dark-adapted conditions (rod pathway ERG), the amplitude of the ERG a-wave, the summed electrical response of photoreceptors, showed no significant difference between genotypes (Fig.  4A,B) . However, the b-wave, the postreceptor electrical response, was distinctly abnormal in Bmal1 -/-mice, reduced in amplitude by 30% (P < 0.03; two-tailed t-test; N = 6 for each genotype). The selective reduction of bwave amplitude is underscored by the highly significant -/-mice. No differences between genotypes were evident in the morphology of synaptic endings of rods, cones, rod bipolars, or cone bipolars (insets) or in the complement of synaptic vesicles or structure of ribbon synapses (asterisks). (C,D) Bars, 500 nm.
decrease of the ratio of b-wave to a-wave amplitude in Bmal1 -/-mice (P < 0.0005) (Fig. 4B) . Under light-adapted conditions (cone pathway ERG), the reduction of b-wave amplitude in Bmal1 -/-mice was even greater, 60% (P < 0.015) (Fig. 4A,B) . Thus, in the mutants, the daytime ERG b-wave response is diminished such that it resembles the lower nighttime amplitude of wild-type mice (Barnard et al. 2006 ; see below). These results indicate that Bmal1 is important for inner retinal processing of visual stimuli but not for rod photoreceptor electrical responses.
To determine whether the SCN clock contributes to retinal performance, we made SCN lesions in wild-type mice and compared ERG responses in the behaviorally arrhythmic SCN-lesioned mice and intact controls (C57BL/6). No significant differences were found between groups for aor b-wave amplitudes under either dark-or light-adapted conditions ( Fig. 4C ; representative of N = 5 for each group). Thus, the SCN circadian clock is not required for normal daytime retinal electrical activity in response to light. Given the ERG abnormality of Bmal1 -/-mice (Fig.  4A,B) , any circadian clock important for retinal physiological function must therefore be outside the SCN.
Retina-specific Deletion of Bmal1 and Loss of Retinal Circadian Clock Function
To examine the role of Bmal1 and circadian clock function specifically within the retina, we generated mice with a conditional allele of Bmal1. Upon the action of Cre recombinase, the exon encoding the BMAL1 basic helixloop-helix (bHLH) domain is deleted (Fig. 5A,B) , resulting in a mutation nearly identical to the original null mutation in Bmal1 -/-mice (Bunger et al. 2000) . In validation studies, mice homozygous for the conditional allele had circadian behavioral rhythms indistinguishable from that of wild-type littermates, whereas after crossing in a ubiquitously acting Cre transgene (Schwenk et al. 1995) , the mice showed a complete loss of circadian behavioral rhythms and emergence of ultradian behavior (Fig. 5C ), copying the Bmal1 -/-phenotype (Bunger et al. 2000) . Thus, the Bmal1 conditional allele has wild-type activity unless acted upon by Cre recombinase, after which it acts as a Bmal1 null mutation.
To generate a retina-specific Bmal1 mutation, we obtained a mouse line carrying a CHX10-Cre transgene,
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STORCH ET AL. Representative ERG responses of intact wild-type and SCN-lesioned wild-type mice (each N = 5). No significant differences between groups were found for a-or b-wave amplitudes. Mice were C57BL/6, and ERGs were performed between zeitgeber time 4 and 9; wild-type and mutant (or intact and SCN-lesioned) mice were studied in alternating order. previously shown to act throughout the neural retina but to have little or no activity in the brain or other tissues (Rowan and Cepko 2004) . Crossing CHX10-Cre to an indicator line (Soriano 1999) demonstrated Cre activity throughout the retina and little or no activity in nonretinal ocular tissues or the SCN and other brain regions, as expected (Fig. 6A) .
We next generated mice homozygous for the Bmal1 conditional allele that carry a single copy of the CHX10-Cre transgene. As expected, these mice showed a retina-specific disruption of the Bmal1 conditional allele (Fig. 6B) . The residual nonrecombined allele (Fig. 6B, lane 4) is likely the result of trace incomplete recombination in the neural retina and to DNA from retinal vasculature and contaminating retinal pigment epithelium, in which CHX10-Cre is not expected to act. In addition, the mice showed the expected substantial loss of BMAL1 protein from the retina (Fig.  6C) , with residual protein also likely derived from trace incomplete recombination in the neural retina and from retinal vascular and pigment epithelial cells. Interestingly, the residual BMAL1 appears to comprise only the fastermigrating form of the protein (Fig. 6C) , suggesting the possibility that BMAL1 has different posttranslational modifications in neural and nonneural retinal cells.
To examine Bmal1 function, we monitored transcripts for Rev-erbα and Dbp, clock-regulated genes that depend on CLOCK-BMAL1 activity for expression (Ripperger et al. 2000) . In conditional Bmal1 mice without Cre, in situ hybridization demonstrated the expected circadian rhythm of expression of Rev-erbα and Dbp in both the retina and the SCN (Fig. 6D) . With ubiquitously acting Cre, expression of Rev-erbα and Dbp was lost in both the retina and the SCN (Fig. 6D) . With CHX10-Cre, Reverbα and Dbp showed loss of expression in the retina, except for variable small patches showing weak expression, whereas the SCN showed normal circadian rhythms of expression for both genes (Fig. 6D) . As expected, circadian rhythms of behavior were normal (data not shown). The patchy residual retinal expression of Reverbα and Dbp is consistent with the residual nonrecom-314 STORCH ET AL. bined allele in the retina (Fig. 6B ) and the trace retinal mosaicism previously reported for CHX10-Cre (Rowan and Cepko 2004) . In conditional Bmal1 mice without Cre, Q-PCR demonstrated a circadian profile of Rev-erbα and Dbp expression in both the retina and nonretinal ocular tissues, as expected, whereas with CHX10-Cre, only nonretinal ocular tissues showed a circadian rhythm (Fig. 6E) . In addition, retinal rhythmic profiles of Per1 and Per2 expression were defective (Fig. 6E) , and Cry1, often weakly rhythmic or noisy in non-SCN sites (Storch et al. 2002) , was abnormally high (Fig. 6E) , as expected in the absence of Bmal1 (Kondratov et al. 2006) . Together, these results indicate that conditional Bmal1 mice have wild-type Bmal1 function and robust retinal circadian rhythms, whereas in the presence of CHX10-Cre, the mice show a retina-specific loss of Bmal1 function that does not support demonstrable retinal circadian rhythms. It is possible, however, that some cells within patches of residual retinal Bmal1 function retain rhythms.
Importance of Retinal Bmal1 for Circadian Rhythm of Retinal Responses to Light
To test the importance of retinal Bmal1 for retinal physiology in vivo, we first compared daytime ERG responses of homozygous conditional Bmal1 mice (controls) and littermate homozygous conditional Bmal1 mice with a single copy of CHX10-Cre (Ret-Bmal1 -/-; all mice were C57BL/6 x 129 hybrids). Under dark-adapted conditions, the amplitude of the a-wave showed no significant difference between genotypes (Fig. 7A,B) . In contrast, the amplitude of the b-wave was reduced by 27% in RetBmal1 -/-mice (Fig. 7A ,B) (P < 0.012; two-tailed t-test; N = 7 for each genotype), producing a highly significant reduction in the ratio of b-wave to a-wave amplitude (P < 0.0004) (Fig. 7B) . Under light-adapted conditions, the reduction in b-wave amplitude in Ret-Bmal1 -/-mice was even greater, 44% (P < 0.018) (Fig. 7A,B) . Despite the difference in genetic background, the ERG phenotype of Ret-Bmal1 -/-mice was essentially identical to that of Bmal1 -/-mice (Fig. 4A,B) , indicating that retinal Bmal1 function fully accounts for the role of Bmal1 in retinal electrical responses to light.
Recent work demonstrates that robust circadian regulation of the mouse light-adapted ERG b-wave amplitude is revealed under constant light (LL) conditions (Barnard et al. 2006) . To determine the importance of retinal Bmal1 function for this rhythm, we compared light-adapted ERG responses of conditional Bmal1 controls and Ret-Bmal1
littermates in LL at times of high (CT6) or low (CT18) bwave amplitude (it is not yet known if these circadian times represent the true peak and trough of the rhythm). Controls showed the expected circadian rhythm of bwave responses (Fig. 7C,D) , with significantly higher amplitudes at CT6 than CT18 (Fig. 7D) . In contrast, RetBmal1 -/-mice had no detectable circadian rhythm of bwave amplitude, with responses at both circadian times apparently fixed at a low amplitude, somewhat lower than the amplitude at CT18 in controls (Fig. 7C,D) . In addi- tion, control mice exhibited a circadian rhythm of b-wave implicit time (the interval between the flash of light and the peak of the b-wave), a rhythm that has also been shown to be robust in DD (Barnard et al. 2006) . In RetBmal1 -/-mice, this rhythm was undetectable, and b-wave implicit times appeared to be fixed at a value similar to CT18 in controls, much like b-wave amplitude (Fig.  7C,D) . These results indicate that Bmal1 function in the retina is required for circadian rhythms of inner retinal processing of visual stimuli. More specifically, retinal Bmal1 function is required to promote inner retinal visual processing during the subjective day, strongly suggesting that the rhythm in retinal electrophysiological function is driven by an intrinsic retinal circadian clock.
DISCUSSION
Our results indicate that in the mammalian eye, hundreds of genes, many of which are expressed in the retina, are controlled by a circadian clock. We found that thousands more are regulated rhythmically in LD cycles, including a large cluster of more than 1000 genes with a nighttime peak of expression. The rhythmically expressed genes are associated with a wide range of functions, and the findings provide a rich context in which to investigate molecular processes underlying the impact of circadian clock function and light on retinal physiology and metabolism. Although less pronounced than that reported here, an excess of transcripts with daily cycles in LD compared to DD has been observed in chick retina (Bailey et al. 2004 ) and in Drosophila head (Ceriani et al. 2002; Lin et al. 2002; Wijnen et al. 2006 ), a structure predominantly composed of the eyes.
In Bmal1 -/-mice, a large fraction of genes that normally show rhythmic ocular expression exclusively in LD exhibited nonrhythmic expression or reduced amplitude. In contrast, constitutively expressed genes showed unaltered expression in Bmal1 -/-mice. These results indicate that Bmal1 has an important role in light-dependent but not global gene regulation in the retina. Although we cannot exclude a possible noncircadian role of Bmal1 in transcriptional responses to light, several lines of evidence suggest that defective circadian regulation likely underlies the phenotype. Circadian control of light-dependent gene induction in the mammalian retina has been documented (Masana et al. 1996; Humphries and Carter 2004) , regulation of chromatin by histone H3 has been implicated in light-dependent gene induction in the SCN (Crosio et al. 2000) , and our finding that multiple histones (including histone H3 family members) and other chromatin remodeling genes exhibit circadian expression in the eye suggests that chromatin in the retina is under clock control. Together, these observations suggest that regulators of chromatin state function in the retina as clock outputs in the control of transcriptional responses to light and that in the absence of Bmal1 one or more of these rhythmic regulators is deficient.
Our results indicate that Bmal1 function within the retina is required for circadian rhythms of inner retinal visual processing, specifically for the circadian rhythms of the light-adapted ERG b-wave amplitude and b-wave implicit time. In the absence of retinal Bmal1, both rhythms appear to be fixed at or near the low values typical for subjective night, indicating that retinal Bmal1 function is required for the facilitation of inner retinal visual processing during subjective day. This phenotype is strikingly similar to the unexpected ERG phenotype recently described for mice lacking melanopsin (Barnard et al. 2006) , the photopigment of photoreceptive ganglion cells mediating circadian entrainment to LD cycles (Hattar et al. 2003) . The essentially identical loss of circadian rhythms of retinal processing in two independent retina-specific mutations affecting the circadian system makes it very likely that circadian clock function within the retina directly drives rhythms of retinal visual physiology, and it provides support for the idea that melanopsin activity is required to synchronize a population of retinal clock cells controlling inner retinal electrical responses to light (Barnard et al. 2006) .
A mild ERG b-wave amplitude defect has been reported for mice lacking the D4 dopamine receptor (Nir et al. 2002) . Given the importance of dopamine in regulating inner retinal network properties (Gustincich et al. 1997) and evidence that retinal dopaminergic amacrine cells are circadian clock cells (Witkovsky et al. 2003; Gustincich et al. 2004; Ruan et al. 2006; Storch et al. 2007) , it is possible that the loss of clock function within dopaminergic amacrine cells contributes to the ERG phenotype of Ret-Bmal1 -/-mice. Circadian clocks in mammals are widely distributed, but except for the SCN clock known to regulate behavior, their physiological functions in vivo are largely mysterious. The studies described here indicate that an intrinsic retinal circadian clock regulates retinal visual processing in vivo and that it does so autonomously, with no detectable contribution from the SCN or other clocks. Together with observations emerging from other tissue-specific manipulations of clock function (Durgan et al. 2006; McDearmon et al. 2006) , our work provides evidence that circadian clocks outside the SCN contribute important physiological functions in vivo. Thus, over evolutionary time, different cell types have likely recruited the circadian clock mechanism inherited from a single-celled ancestor for control of specialized tissue-specific processes.
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